We investigated the effects of austempering and subzero treatment on the damping capacity in austempered ductile cast iron. The damping capacity of austempered ductile cast iron was rapidly increased by the austempering treatment, although it was not affected by the austempering temperature or time. After subjecting the austempered ductile cast iron to subzero treatment, the austenite was transformed into martensite, and the volume fraction of the martensite increased as the subzero treatment temperature decreased. The subzero treatment sharply increased the damping capacity of the austempered ductile cast iron. However, the damping capacity gradually increased as the subzero treatment temperature decreased. By increasing the subzero treatment time, the damping capacity rapidly increased until the subzero treatment time reached 30 min, after which it increased gradually. By increasing the volume fraction of the martensite, the damping capacity was rapidly increased until the volume fraction was 5%, beyond which it increased gradually.
Introduction
Austempered ductile cast irons prepared by austempering treatment of ductile cast irons retain a relatively significant amount of the austenite microstructures, except for the bainite microstructure. Because the mechanical properties essentially depend on both bainite and retained austenite microstructures, austempered ductile cast irons have very high strength and excellent toughness. Therefore, they have been used as an economical substitute for forgings. In addition, austempered ductile cast irons allow easy preparation of complicated machine parts. Thus, they are used extensively for many structural applications in the automotive, defense, earth-moving machinery, railroad, and similar industries. 1, 2) The damping capacity of austempered ductile cast iron possessing excellent strength and toughness can be affected not only by the bainite microstructure formed by the austempering treatment but also by the retained austenite microstructure, which has an internal twin microstructure. This microstructure is a retained microstructure that does not transform into the bainite microstructure when the ductile cast iron is austenitized. Therefore, the damping capacity can be varied by changing the austempering treatment conditions such as austempering temperature and time. Because of its poor stability, the retained austenite microstructure can be transformed into a martensite microstructure not only by plastic working (for example, rolling and forging 3) ) but also by subzero treatment that permits the austenite-to-martensite transformation by lowering the temperature below the Ms point.
4) It is therefore believed that the damping capacity of austempered ductile cast iron can be dramatically varied by changing the subzero treatment conditions. In this work, we attempt to study the effects of austempering and subzero treatments on the damping capacity of austempered ductile cast iron. We explored various conditions of austempering and subzero treatments of ductile cast iron.
Experimental Methods

Materials and thermal treatment
Each specimen used in this study was dissolved in a cupola and cast in the form of a Y-block to yield an ingot, which was then subjected to testing. The specimens were sphere-shaped (>93%). Tables 1 and 2 illustrate the chemical composition and microstructural data of the specimen, respectively. The austempering treatment was carried out as follows:
(1) The specimen was austenitized in a salt bath at 1153 K for 1 h.
(2) It was immediately added to a salt bath that was set to the temperature range of 623-823 K.
(3) The specimen was maintained at this temperature range for 10-120 min and then air-cooled.
(4) The subzero treatment was carried out by quenching the specimens until their temperatures decreased to 233, 203 and 77 K.
(5) The specimens were maintained at each temperature for 30-120 min. Each lower temperature was achieved by pure or mixture of methanol, dry ices, and liquid nitrogen.
Microstructural analysis
The microstructures of as-cast ductile cast iron and austempering and subzero-treated ductile cast iron were examined by optical microscopy (OM) and scanning electron microscopy (SEM). The austenite-to-martensite transformation by subzero treatment was studied using transmission electron microscopy (TEM) with an acceleration voltage of 200 kV (JEM 2010; JEOL Ltd., Tokyo, Japan). The specimen, which was 80-mm thick, was jet-polished for TEM analysis. The quantitative analysis of the microstructure was performed using an image analyzer.
X-ray diffraction (XRD) analysis
We used XRD analysis to estimate the extent of the transformation of the austenite into martensite when austempered ductile cast iron was subjected to subzero treatment. 5) XRD was conducted using monochromatic Mo-K radiation at a scanning rate of 2 ¼ 1:0 /min. The volume fraction of the crystalline peaks corresponding to each phase was determined by the direct comparison method using the integrated intensities of martensite (10) (11) and austenite (200) calculated with the following equations:
where V is volume fraction, I is the integrated intensity of specific diffraction line, and the subscript indices m and denote martensite and austenite, respectively. R is determined by the following terms: is the unit cell volume, F is the structure factor, P is the multiplicity factor, L is the Lorentz polarization factor, and e À2M is the temperature factor. As for the factors in eq. (3), we assigned the values suggested by Cullity.
8)
The damping capacity measurement
The damping capacity is the measure of a material's ability to dissipate elastic strain energy during mechanical vibration or wave propagation. When properly used in a structural application, this property allows undesirable noise and vibration to be passively attenuated and removed to the surroundings as heat. 9) To measure the vibration damping capacity, the specimen with dimensions of 1:0 Â 10 Â 120 mm (thickness Â width Â length) was machined using wire electrical discharge machining (EDM), followed by austempering and then subzero treatment. The damping capacity was measured with a flexural internal friction measurement machine (IFT-1500; ULVAC Inc., Japan) at room temperature. The specimen was placed parallel to two electrodes in a three-line arrangement without contacting the electrodes. One electrode supplied the vibration to the specimen; the other one received the vibration from the specimen. In one test, after steady-state vibration with a strain amplitude of about 2 Â 10 À6 and a frequency of about 780 Hz, the driving signal was turned off and a free-decay curve was recorded by a computer through a high-speed analogue-digital converter.
10) The vibration amplitude of the specimen was measured by means of an optical sensor during the whole vibration attenuation process. The damping was shown by the logarithmic decrement () defined as follows:
where n is the vibration cycle and A 0 and A n represent the vibration amplitudes of the initial and nth cycles, respectively. The damping capacity can be calculated from the decay of the vibration. Figure 1 shows the optical micrographs of (a) as-cast and (b) austempering-treated specimens. As illustrated in Fig. 1(a) , spherical graphite was observed in the pearlite and ferrite microstructures. In fact, more than 93% of the observed graphite structures were sphere-shaped, and bull'seye microstructures characteristic of ductile cast iron were also observed. Figure 1(b) shows that the matrix was transformed into a bainite microstructure by the austempering treatment. Figure 2 shows the SEM micrograph of the austempered ductile cast iron obtained by subzero treatment at 77 K, which exhibits the same bainite microstructure as the austempering-treated specimen. When the austemperingtreated specimen is subjected to further subzero treatments, the retained austenite will be transformed into martensite. 4) However, such transformation into martensite was not observed in the SEM micrograph. Figure 3 shows the TEM micrograph of the retained austenite obtained by austempered treatment at 673 K for 30 min. First, the specimen used for the TEM measurements was austenitized at 1153 K for 1 h; then, it was subjected to austempering treatment in a salt bath maintained at 273 K for 30 min. The diffraction pattern taken from the selected area (shown as a circle) in Fig. 3(a) shows that some of the austenite was maintained without being transformed into bainite microstructures by the austempering treatment. Figure 4 shows the TEM micrograph of the martensite obtained by subzero treatment at 77 K after the austempering treatment. The specimen used for the TEM measurement was austenitized at 1153 K for 1 h and then subjected to austempering treatment in a salt bath maintained at 673 K for 30 min, followed by a subzero treatment at 77 K for Fig. 4(a) shows that some of the retained austenite was transformed into martensite by the subzero treatment. Figure 5 shows the effect of subzero treatment temperature on the transformation into martensite in austempered ductile cast iron. Some of the retained austenite was transformed into martensite by the subzero treatment; this observation coincided with the results of the TEM analysis. The lower the subzero treatment temperature, the greater was the degree of transformation into martensite. For instance, when the subzero treatment temperature was 233 K, ca. 13% of the retained austenite was transformed into martensite, and ca. 5% of martensite was formed. However, when the subzero treatment temperature was 77 K, ca. 43% of the retained austenite was transformed into martensite, and more than 13% of martensite was formed. Figure 6 shows the effect of the austempering treatment temperature on the damping capacity in austempered ductile cast iron. Compared to as-cast ductile cast iron, austempered ductile cast iron showed drastically decreased damping capacity. On the other hand, the damping capacity of the austempered ductile cast iron was not affected by austempering treatment temperature and showed a similar value. Thus far, it had been considered that austempering treatment caused a decrease in damping capacity mainly because of the formation of austenite and exhaustion of the vibration energy on account of plasticity or plastic flow occurring in the interface between graphite and ferrite microstructures in the ductile cast iron. 11) Because ductile cast iron is composed of soft ferrite microstructures located around spherical graphite, plastic flow occurred more easily in the interface between graphite and ferrite microstructures, thereby resulting in a rather higher damping capacity. On the other hand, the ferrite and pearlite microstructures of austempered ductile cast iron that together constitute a matrix microstructure can be transformed into bainite microstructures by austempering treatment. Such microstructural transformation of ferrite and pearlite into bainite was previously reported by Kang. 12) Because the bainite microstructure has a higher hardness value than the austenite microstructure, it is difficult for austempered ductile cast iron to exhibit plastic flow in the interface between graphite and bainite microstructures, which consequently results in a drastically reduced damping capacity. In addition, although the damping capacity depends on the bainite microstructure, we did not observe a significant change in the damping capacity as the austempering treatment temperature was increased. This result suggests that the damping capacity did not significantly depend on the type of bainite microstructures obtained by various austempering treatment temperatures and the retained austenite microstructure in austempered ductile cast iron. 13) Figure 7 shows the effect of the austempering treatment time (austempering temperature = 673 K) on the damping capacity in austempered ductile cast iron. It can be seen that the damping capacity did not significantly change as the austempering treatment time increased, indicating that the damping capacity of austempered ductile cast iron depends on the bainite microstructure, but not on the shape of the bainite microstructure and the retained austenite microstructure in austempered ductile cast iron. Figure 8 shows the effect of the subzero treatment temperature on the damping capacity in austempered ductile cast iron. As illustrated in Fig. 8 , the damping capacity of austempered ductile cast iron dramatically increased when it was subjected to subzero treatment, and then it gradually increased when the subzero treatment temperature was decreased. The initial increase in the damping capacity could be the result of retained austenite that was transformed into martensite by the subzero treatment. That is, it has been considered that the damping mechanism of austempered ductile cast iron was thought to be an internal friction due to the movement of the various boundaries such as stacking-fault boundaries inside martensite and austenite, martensite variant boundaries, and interfaces during vibration in an elastic region, and thereby to absorb the vibration energy.
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11) It has been considered that once the martensite microstructure is formed, movement and absorption of vibrating energy occur at the interface between the martensite variant, the stacking fault, and the twin boundary inside martensite; the interface between the parent phase and martensite phase; and at other interfaces. 11) However, detailed studies on this issue have not been carried out thus far. In addition, the gradual increase in the damping capacity with the decrease in the subzero treatment temperature may be due to the formation of a greater amount of martensite transformed from the retained austenite microstructure. Figure 9 shows the effect of the subzero treatment time on the damping capacity in austempered ductile cast iron. As the subzero treatment time increased, the damping capacity sharply increased until the subzero treatment time was 30 min, and then it leveled off. The matrix in the austempered ductile cast iron was transformed into a martensite microstructure by the subzero treatment. As a result, the change in the damping capacity may be due to both the retained austenite that did not transform into martensite when it was subjected to subzero treatment and the movements of the boundaries between parent and martensite phases, twin boundaries inside martensite, martensite valiant boundaries, and the stacking fault and twin boundaries inside the martensite.
11) Therefore, the damping capacity may be affected by the volume fraction of the martensite. 12) As seen in Fig. 9 , when the subzero treatment time is ca. 30 min, enough martensite is formed and thereby affects the damping capacity of the austempered ductile cast iron. However, if the subzero treatment time increases further, more martensite microstructures are formed, but they cease to affect the damping capacity, suggesting that the longer subzero treatment time (>30 min) does not affect the damping capacity of the austempered ductile cast iron. To investigate the effect of the martensite microstructure on damping capacity in austempered ductile cast iron, the volume fraction of martensite microstructure was studied.
12) The damping capacity of the alloy is closely related to the amount of martensite and austenite microstructures, which induce damping effects via the movement of stacking fault boundaries in martensite, martensite variant boundaries, and austenite/martensite interface boundaries. Figure 10 shows the effect of volume fraction of martensite on the damping capacity obtained by subzero treatment after austempering. Figure 10 illustrates that the damping capacity increased sharply as the volume fraction of the martensite increased up to 5%, beyond which it increased gradually. This result suggests that the retained austenite transformed into martensite by subzero treatment after austempering. The martensite thus formed can function as a damping source and increase internal friction, whereas dislocations occurring in both the grain boundaries and the internal microstructure of martensite can reduce the damping capacity.
Conclusions
In this work, we studied the effect of austempering and subzero treatment on the damping capacity in austempered ductile cast iron. The major conclusions are summarized below. (1) The damping capacity of austempered ductile cast iron was rapidly decreased by the austempering treatment, but it was not affected by the austempering temperature and time. (2) The retained austenite was transformed into martensite by subzero treatment of austempered ductile cast iron and was substantially transformed into martensite by decreasing the subzero treatment temperature and increasing the subzero treatment time. (3) The damping capacity of austempered ductile cast iron was increased by subzero treatment, and it was increased by decreasing the subzero treatment temperature. As the subzero treatment time increased, the damping capacity rapidly increased until the subzero treatment time was 30 min, after which it increased gradually. (4) As the volume fraction of martensite increased, the damping capacity rapidly increased until the volume fraction was 5%, beyond which it increased gradually.
